Introduction
Rupture of a coronary plaque with a thin fibrous cap has received much attention as a cause of acute coronary syndrome (ACS). However, autopsy and intravascular optical coherence tomography (OCT) studies highlight that a significant portion (20-40%) of ACS is caused by plaque erosion. [1] [2] [3] [4] In stark contrast with plaque rupture, thrombus associated with plaque erosion generally overlies eccentric intact plaques rich in smooth muscle cells and proteoglycans, with superficial endothelial denudation. 1, [4] [5] [6] Recently, the enticing concept that we might tailor the management strategy of ACS depending on the underlying pathology was tested. In the EROSION study, 7 patients with ST-segment elevation myocardial infarction (STEMI) caused by plaque erosion did not receive coronary artery stent deployment, the current standard of care for STEMI 8 but received intensive antithrombotic treatment. The pilot study demonstrated that most of the subjects had substantial resolution of the intracoronary thrombus after 1 month of follow-up.
Research has made considerable inroads into understanding the pathophysiological basis of plaque rupture. However, the in vivo determinants involved in plaque erosion remain largely unknown, including gender-based differences. Better understanding of plaque erosion in clinical setting may inform the development and deployment of novel therapies to combat the residual atherothrombotic risk in the current era. 9, 10 Therefore, the present study aims to investigate the predictors of plaque erosion in a large prospective series of STEMI patients, overall as well as in men and women.
Methods

Study design and patients
Patients (aged > _18 years) presenting with ACS and undergoing emergency procedures were prospectively screened for OCT examination at the 2nd Affiliated Hospital of Harbin Medical University. The main exclusion criteria were cardiogenic shock, end-stage renal disease, serious liver dysfunction, allergy to contrast media, and contraindication to aspirin or ticagrelor.
Patients with left main disease, chronic total occlusion, or extremely tortuous or heavily calcified vessels were not included because of the potential difficulty in performing OCT in such situations. Between August 2014 and December 2016, a series of 1008 eligible patients with ACS underwent OCT examination of the culprit lesion; 60 patients with subcritical obstructive plaque erosion from the first 458 patients have already been reported in the EROSION study. 7 Because only 75 patients with non-STsegment elevation (NSTE)-ACS presented for emergency procedures in our centre, only STEMI patients (n = 933) were included in the present study. The study flow chart is shown in Figure 1 . The definition of STEMI and identification of the culprit lesion were described previously. 7 The study was approved by the Ethics Committee of the 2nd Affiliated Hospital of Harbin Medical University (Harbin, China), and all patients provided written informed consent.
For coronary risk factors and laboratory parameters, see Supplementary material online.
For coronary angiography and analysis, see Supplementary material online.
Optical coherence tomography image acquisition and analysis
A commercially available C7-XR OCT intravascular imaging system (OCT C7 Dragonfly, St. Jude Medical, St Paul, MN, USA) was used in this study. Based on established OCT diagnostic criteria, 2 plaque erosion was identified by the presence of the attached thrombus overlying an intact and visualized plaque, luminal surface irregularity at the culprit lesion in the absence of thrombus, or attenuation of the underlying plaque by thrombus without superficial lipid or calcification immediately proximal or distal to the site of thrombus (Supplementary material online, Figure  S1A -D). Plaque rupture was identified by the presence of fibrous cap discontinuity with a cavity formed inside the plaque (Supplementary material online, Figure S1a -d).
The inter-observer kappa coefficients for plaque erosion and plaque rupture were 0.865 and 0.871, respectively. The intra-observer kappa coefficients for plaque erosion and plaque rupture were 0.893 and 0.915, respectively.
Quantitative and qualitative analyses of underlying plaques were performed as described in the Supplementary material online. Nearby bifurcation was pre-defined as erosion or rupture located within 5 mm proximal or distal to a side branch with an orifice diameter >1.0 mm measured by OCT. For plaque erosion, minimal lumen area (MLA) site was chosen for the measurement of the distance between erosion and the nearby bifurcation. 1, 11 The site with maximal ruptured cavity was chosen for distance between the plaque rupture and the nearby bifurcation.
Statistical analysis
Statistical analysis was performed with SPSS version 20.0 (SPSS Inc., Chicago, IL, USA) and the R. Data distribution was assessed according to the Kolmogorov-Smirnov test. Continuous variables were shown as mean ± standard deviation for normally distributed data or as median (25th-75th percentiles) for non-normally distributed data. Betweengroup differences were tested using an independent sample t-test or the Mann-Whitney U test. Categorical data were presented as counts (proportions) and were compared using the v 2 test or Fisher's exact test. Age <50 years was considered a categorical variable as an indicator for premenopausal status and has been the cut-off used in previous studies. 12, 13 The association between plaque erosion and clinical, angiographical, and anatomical characteristics was assessed using a multivariable logistic Tables 1 to 3 . The variables exhibiting a P-value <0.1 in the univariate analysis were tested in the multivariable model. The predictive performance of the established model was assessed via Harrell's c-index, which was corrected for 'optimism' through bootstrap estimation with 200 replications. Inter-and intra-observer reliability was assessed by kappa statistics. A two-tailed P-value <0.05 was considered statistically significant.
Results
Prevalence of plaque erosion
Of the 933 STEMI patients with OCT images, 111 patients were excluded for the following reasons: pre-dilation (n = 15), in-stent thrombosis or neoatherosclerosis (n = 43), and suboptimal image quality or massive thrombus (n = 53). The remaining 822 STEMI patients were suitable for evaluating the culprit lesion. Among them, plaque erosion was identified in 209 (25.4%) patients and plaque rupture in 564 (68.6%) patients. The baseline characteristics of the entire STEMI cohort are presented in Supplementary material, Table S1 .
Age and gender differences
The baseline characteristics of patients with plaque erosion and plaque rupture are presented in Table 1 . Patients with plaque erosion were significantly younger than those with plaque rupture (P < 0.001). Specifically, patients <50 years of age were more frequent in the erosion group vs. the rupture group (P < 0.001). After stratification for age and gender (Figure 2 ), the prevalence of plaque erosion was highest in women <50 years of age and decreased significantly in women > _50 years of age (47.1% vs. 17 .4%, P = 0.009). A similar, but less marked, difference was also observed in men (35.3% vs. 24 .5%, P = 0.011).
Coronary risk factors and laboratory data
Coronary risk factors and laboratory data are presented in Table 1 .
Patients with plaque erosion were more frequently current smokers than those with plaque rupture (63.6% vs. 52.1%, P = 0.017). Other coronary risk factors, including diabetes mellitus, hypertension, dyslipidaemia, and chronic kidney disease (CKD) were less common in erosion vs. rupture. Similarly, laboratory data showed that patients Values are presented as n (%), mean ± SD, or median (25th-75th percentiles). CKD, chronic kidney disease; DAPT, dual anti-platelet therapy; HDL-C, high-density lipoprotein cholesterol; hs-CRP, high-sensitive C-reactive protein; LDL-C, low-density lipoprotein cholesterol; MI, myocardial infarction; PCI, percutaneous coronary intervention; SD, standard deviation; TC, total cholesterol. with plaque erosion had lower total cholesterol (TC), triglyceride, low-density lipoprotein cholesterol (LDL-C) levels, and a lower ratio of TC to high-density lipoprotein cholesterol (HDL-C). Serum highsensitive C-reactive protein (hs-CRP) level, white blood cell and neutrophil counts were comparable between the erosion and rupture groups ( Table 1 and Supplementary material online, Table S2 ).
Angiographical findings
The angiographical findings are presented in Table 2 . Plaque erosion was most frequently located in the left anterior descending artery (LAD) (61.2%), followed by the right coronary artery (RCA; 30.6%), whereas plaque rupture was equally distributed in both the LAD and the RCA (47.0% and 43.3%, respectively). The majority of the culprit lesions were located in proximal and mid coronary segments with no significant difference in spatial distribution of erosion vs. rupture in three major epicardial arteries ( Figure 3A) . In the LAD, most erosions (89.1%) and ruptures (89.1%) tended to cluster within the first 40 mm from the coronary ostium, while only half of the erosions (51.6%) and ruptures (52.5%) were located within the first 40 mm and were more evenly distributed throughout the entire length of the RCA ( Figure 3B ). Multi-vessel disease was observed in 44.8% of STEMI patients, with a significant lower prevalence in patients with plaque erosion (29.7% vs. 50.4%, P < 0.001). Lesions with plaque erosion presented less frequently with initial thrombolysis in myocardial infarction (TIMI) flow grade < _1 (P = 0.001) and required less frequent use of manual thrombectomy (P = 0.006). Quantitative coronary angiography data showed erosions were in larger vessels (P < 0.001) with a smaller postthrombectomy diameter stenosis (P < 0.001) than ruptures.
Optical coherence tomography findings
The OCT findings are listed in Table 3 . When compared with plaque rupture, plaque erosion had a lower prevalence of lipid-rich plaque and thin-cap fibroatheroma (TCFA); furthermore, among lipid-rich plaque, plaque erosion had less lipid content than plaque rupture.
Other underlying plaque characteristics, including macrophages accumulation, microchannel, and calcification, were less frequently observed in erosion vs. rupture. MLA was significantly larger in plaque erosion than plaque rupture (P = 0.001). In 209 patients with plaque erosion, 181 (86.6%) of MLA were located at the site with maximal thrombus burden; 20 (9.6%) and 8 (3.8%) of MLA were located Figure 2 Prevalence of plaque erosion stratified by age and gender. Plaque erosion was more frequent in women <50 years when compared with those > _50 years of age. A similar, but less striking difference was also observed in men. proximal and distal, but adjacent to the maximal thrombus burden, respectively. Plaque erosion was more frequently located near a bifurcation when compared with plaque rupture (59.3% vs. 34.6%, P < 0.001), particularly in the LAD (70.3% vs. 46.8%, P < 0.001). Notably, unlike ruptures, erosions tended to cluster immediately proximal or distal to a bifurcation ( Figure 4A ). Among them, 66.7% of erosions and 47.1% of ruptures were located within 3 mm near a bifurcation ( Figure 4B) . The distance to the nearby bifurcation was significantly shorter in plaque erosion than plaque rupture [2.3 mm (1.2-3.3 mm) vs. 3.1 mm (1.7-3.8 mm), P = 0.003].
Predictors of plaque erosion
In the overall cohort of 773 STEMI patients, the following variables with a P-value <0.1 in the univariate analysis (Supplementary material online, Table S3) were tested: age <50 years, men, current smoker, diabetes mellitus, hypertension, dyslipidaemia, CKD, TC, triglyceride, LDL-C, TC/HDL-C ratio, LAD, multi-vessel disease, initial TIMI flow < _1, manual thrombectomy, reference vessel diameter (RVD), diameter stenosis, MLA, and nearby bifurcation. In the multivariable analysis, age <50 years, current smoker, absence of other coronary risk factors (hypertension, dyslipidaemia and CKD), lack of multi-vessel disease, smaller diameter stenosis, larger RVD, and nearby bifurcation were significantly associated with plaque erosion ( Figure 5) .
Variables with a P-value <0.1 in the univariate analysis in men (Supplementary material online, Table S4 ) and women (Supplementary material online, Table S5 ) separately were also tested in the multivariable model. The predictors of plaque erosion in men and women are shown in Figure 5 . In both men and women, age years, nearby bifurcation, and absence of dyslipidaemia were predictive of plaque erosion. Current smoking was a risk factor of plaque erosion in men but not in women. Lesions with plaque erosion were less severe in men (absence of initial TIMI flow grade < _1, smaller diameter stenosis, and larger MLA) but not in women. In women, absence of multi-vessel disease was significantly associated with plaque erosion; this was not seen in men.
Harrell's c-index corrected for 'optimism' via bootstrapping showed the discrimination of plaque erosion in the overall cohort, men, and women were 0.751, 0.750, and 0.723, respectively. 
Discussion
The present study extended previous pathological observations and provided new clinical understanding of plaque erosion in a large prospective series of STEMI patients. The main findings were as follows.
(i) Plaque erosion tended to occur in younger patients, especially in pre-menopausal women. Age <50 years was a predictor of plaque erosion.
(ii) Current smoking was the predominant coronary risk factor of plaque erosion rather than dyslipidaemia, hypertension, CKD, or diabetes mellitus. (iii) Plaque erosion was most frequently located in the LAD with a limited, focal distribution similar to plaque rupture, as well as proximity to a bifurcation. Nearby bifurcation was the strongest anatomical predictor of plaque erosion. (iv) Similarities and differences in predictors of plaque erosion were found between men and women.
Age, gender, and prevalence of plaque erosion
The prevalence of plaque erosion depended on age and gender. In a registry of 442 sudden coronary death (SCD) victims, women <50 years of age had a higher prevalence of plaque erosion when compared with women > _50 years of age (84% vs. 32%); this was also demonstrated in men, but to a lesser degree (29% vs. 18%). 12 In previous OCT studies, patients with plaque erosion were younger than those with plaque rupture. 2, 4 However, gender differences between the two substrates (i.e. erosion vs. rupture) were not confirmed in vivo, and the prevalence of plaque erosion in specific age groups of men and women remains largely unknown. The current study of patients presenting to a busy STEMI treatment facility demonstrated that plaque erosion occurred primarily in patients under the age of 50 years and represented approximately 50% of STEMI in premenopausal women. In women > _50 years of age, approximately 80% of STEMI were caused by plaque rupture.
Coronary risk factors of plaque erosion vs. plaque rupture
Pathological data are few and inconsistent regarding coronary risk factors associated with erosion vs. rupture. Cigarette smoking seems to promote thrombosis rather than atherosclerosis in younger patients but may be a factor contributing to plaque rupture in more elderly patients. Burke et al. 13, 14 reported a positive correlation between smoking and thrombosis in victims of SCD and more so in pre-menopausal women with plaque erosion when compared with plaque rupture. Kojima et al. 15 suggested that smoking was related with plaque rupture in elderly (average age 70 years). In an intravascular ultrasound study, Kang et al. 16 demonstrated that current smoking was associated with echolucent plaques and plaque rupture in patients >65 years but not in patients < _65 years. In the present study, current smoking was the predominant coronary risk factor of plaque erosion in the overall cohort of STEMI patients with an average age of 57.7 years. Smoking cessation appears to be the major risk factor modification indicated for plaque erosion, particularly in younger patients. Post-mortem studies revealed that subjects with plaque erosion had a lower TC level and a lower TC/HDL-C ratio than plaque rupture, similar to our results. 13, 14 By multivariable analysis, absence of dyslipidaemia was strongly associated with plaque erosion. Therefore, plaque erosion may contribute importantly to the residual atherothrombotic risk in the current era of intensive lipid lowering. Patients with hypertension and CKD had more typical vulnerable plaques and ruptures, also consistent with our observations. 13, 14, 17 Burke et al. 13, 14 found no association between diabetes mellitus and the type of thrombosis in SCD victims, while one OCT study observed that diabetes mellitus was associated with both TCFA and plaque erosion. 18 In the present study, diabetes mellitus was not a predictor of underlying substrates (i.e. erosion vs rupture). Regarding inflammatory biomarker, pathological study suggested that hs-CRP level was similar for patients with erosion vs. rupture, 19 again confirmed in the present study.
Plaque distribution, nearby bifurcation, and plaque erosion
Despite the fact that the entire arterial tree was exposed to systemic coronary risk factors, previous studies have shown that acute Figure 5 Predictors of plaque erosion. OR for diameter stenosis was calculated for each 5.0% increase, OR for RVD was calculated for each 1.0 coronary occlusions, TCFAs, and ruptures clustered predominantly in the proximal segment of the LAD but was more evenly distributed throughout the RCA. 20, 21 However, to our knowledge, the spatial distribution of plaque erosion has not been systematically investigated. We extended previous studies by demonstrating that plaque erosion was most frequently located in the LAD with a limited, focal distribution similar to plaque rupture. In line with us, Kramer et al. 22 examined 111 SCD victims and reported that greater frequencies of erosions were found in the LAD (66%), with fewer lesions in the RCA (22%), whereas ruptures were more equally distributed in both the LAD and RCA (40% and 35%, respectively). Intriguingly, we found that approximately 60% of erosions clustered near a bifurcation, particularly in the LAD (70.3%). Nearby bifurcation emerged as the strongest anatomical predictor of plaque erosion. Although the current study did not allow dissecting underlying pathophysiological mechanisms, these observations suggested that local haemodynamic factors may play a critical role in plaque erosion without the help of systemic coronary risk factors (i.e. dyslipidaemia, hypertension, CKD, and diabetes mellitus). The side branch affects shear stress in the nearby (within 3 mm) associated main branch. 23 Recently, Franck et al. 24 found that disturbed blood flow may lead to chronic endothelial activation, propensity to slough, and localized neutrophils cooperate to drive endothelial denudation and arterial thrombosis in a murine model of superficial erosion. The absence of branches in the RCA may be the explanation for the differences between the RCA and the LAD.
Predictors in men vs. women
The present study demonstrated both similarities and differences between men and women in the predictors of plaque erosion. Age <50 years, nearby bifurcation, and absence of dyslipidaemia were predictive of plaque erosion, regardless of gender. The association between current smoking and plaque erosion was not observed in women but in men, which is contrary to pathological observations. 13, 14 This discrepancy could be due to the age of onset of STEMI (62.7 years vs. 55.7 years) and a lower prevalence of current smoking (36.7% vs. 62.4%) in women when compared with men. It is noteworthy that subjects evaluated in post-mortem studies were relatively young with no significant difference in the average age of SCD between women and men (50 years vs. 48 years). [12] [13] [14] Culprit lesions with plaque erosion were less severe than plaque rupture in men. However, the role of menopause is unique for women. Oestrogen has been suggested to retard plaque development, stabilize existing plaques, and prevent plaque rupture in pan-coronary artery, but increase the risk of thrombosis. 12, 13 Accordingly, age <50 years was the strongest predictor of plaque erosion in women, and absence of multi-vessel disease was significantly associated with plaque erosion.
Study limitations
There are several limitations that should be acknowledged. First, the data were acquired in predominantly young patients with a high prevalence of smoking, reflecting the current epidemiological In the 86 patients without thrombectomy before OCT imaging, age <50 years, absence of dyslipidaemia, lack of multi-vessel disease, smaller diameter stenosis, and nearby bifurcation were still predictors of plaque erosion. Fifth, OCT has limited penetration, especially in the setting of lipid or a necrotic core, precluding assessment of vessel size, plaque burden, remodelling, and lesion eccentricity. Sixth, a large residual thrombus might obscure the lumen border and underlying plaque, making it difficult to assess the underlying plaque characteristics and distinguish plaque rupture from plaque erosion. We, therefore, excluded patients with massive residual thrombus from analysis. Finally, while not currently available, long-term follow-up of this large prospective series of STEMI patients is in progress.
Conclusions
Plaque erosion was a predictable clinical entity distinct from plaque rupture in one-quarter of STEMI patients. Specific role of risk factors in plaque erosion should be considered in men and women. These findings may herald a paradigm shift in targeting coronary risk factors modification, comprehensive atherothrombotic risk evaluation (i.e. age, gender, systemic coronary risk factors, local anatomical and hemodynamic factors, and plaque characteristics) and tailored management in patients with plaque erosion (Take home figure) .
